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1. Summary 

Various optical diagnostic techniques such as laser induce fluorescence, Raman spectroscopy, 
laser Doppler velocimetry, and laser light scattering have been employed to study the flowfield 
downstream of a single injector element in a optically accessible rocket chamber at Penn State for 
a number o years. These techniques have been used with both liquid and gaseous oxygen at 
pressures up to 1000 psia which is the limit of the facility. The purpose of the test programs at 
Penn State were to develop the techniques and to study the flow field from various injector 
designs. To extend these studies to higher pressure and ultimately to multiple injectors require the 
capabilities of the Marshall Space Flight Center. These studies will extend the data base available 
for the various injector designs to higher pressure as well as to determine the interaction between 
multiple injectors. 

During this effort the Princeton Instruments ICCD camera was set up and checked out. The 
functionality of the system has been thoroughly checked and the shutter compensation time was 
found to be not working. The controller was returned to the manufacturer for warranty repair. 

The sensitivity has been measured and found to be approximately 60 counts per photon at 
maximum gain which agrees with the test data supplied by the manufacturer. The actual value 
depends on wavelength. The Princeton Instruments camera was been installed in a explosion 
proof tube for use with the rocket combustor. A 35mm camera was also made ready for taking 
still photos inside the combustor. A fiber optic was used to transmit the laser light from an argon- 



ion laser to the rocket combustor for the light scattering images. These images were obtained for 
a LOX-hydrogen swirl coax injector. Several still photos were also obtained with the 35mm 
camera for these firings. 

2.0 Objectives 

The objective of this research was to determine the mixing efficiency of the various injector 
configurations by measuring the species concentrations, temperature and velocity across the 
combustor downstream of the injector face. 

3.0 Scope 

A Princeton Instruments Cooled Array Intensified CCD camera was checked out and 
characterized. The camera was used to image UV emission from a LOX/hydrogen single element 
rocket engine. The same camera was used to image light scattered from the liquid oxygen spray. 
Visual images were also obtained with a 35 mm camera. 

4.0 Results 

4.1 Intensified camera characterization 

Advance diagnostics such as Raman spectroscopy and absorption measurements will be used to 
measure the major species concentration (H 2 , 0 2 , and H 2 0) and temperature at various axial 
locations downstream of the injector face. Raman spectroscopy yields a spatially resolved 
instantaneous or averaged profile of major species. The Raman signal is very weak and therefore 
the strength of the laser, the sensitivity of the detector and the background emission from the 
flame determine whether instantaneous or averaged measurements can be obtained. 
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A Princeton Instruments Intensified CCD array camera will be used for the Raman spectroscopy 
and other measurements in this and other efforts. The system was assembled and checked out for 
functionality and detectability limits. The results are reported here. 

The various controls on the FG-100 pulse generator and the camera are all multi-turn 
potentiometers. The dial indicates number of turns only. The dial settings and the resulting effect 
were measured and are reported in the following tables. These copies of these tables were place 
on the camera controller and pulser controller so the operator can readily set the camera to the 
desired values. 


The FG-100 has a frequency generator built in that produces pulses at a fixed rate. These pulses 


can be used to drive an experiment. The Tab , e 1 Frequency Generator Output, FG-100 

Pulse Generator 

period and frequency of the pulse as a function 


of dial position are shown in Table 1 . 

Dial Setting 

Period (msec) 

Frequency (Hz) 

0.0 

34.0 

29.4 


1.0 

30.6 

32.7 

The gate width and timing with respect to a 

2.0 

37.2 

26.9 

trigger of the intensified camera are controlled 

3.0 

23.9 

41.8 


4.0 

20.5 

48.8 

by the gate width and gate delay dials 

5.0 

17.1 

58.5 

respectively. The gate width has two ranges 

6.0 

13.7 

73.0 


7.0 

10.3 

96.9 

selected with a toggle switch while the delay 

8.0 

7.0 

142.8 

has three ranges selected with a knob. The 

9.0 

3.6 

227.8 

10.0 

2.5 

400.0 


gate width and delay were measured by 
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observing the pulse monitor and trigger signals TabIe 2 Gate Width, FG-100 Pulse Generator 


on a digital oscilloscope. The results are 
reported in Tables 2 and 3. 

A series of tests were conducted to determine 
the linearity of the camera and the absolute 
response (counts/photelectron) over a wide 
range of gate widths, light intensity, and 
wavelengths. The light source was an 
integrating sphere with a calibrated light 
intensity meter. At the exit aperture of the 
sphere, the light intensity was constant over an 
area of one inch in diameter. The aperture was 
imaged on to the intensified camera through a 


Pulse Width (nsec) 


Dial Setting 

Range 1 

Range 2 

0.0 

20 

32 

1.0 

21 

33 

2.0 

22 

37 

3.0 

23 

42 

4.0 

24 

48 

5.0 

25 

60 

6.0 

28 

73 

7.0 

31 

96 

8.0 

37 

142 

9.0 

63 

278 

9.5 

106 

520 

9.7 

151 

789 

9.8 

199 

1060 

9.9 

288 

1600 

10.0 

567 

3300 


Table 3 Gate Delay, FG-100 Pulse Generator 


standard camera lens. An iris was placed in 
front of the lens to the f could be accurately 
determined. The images were recorded on the 
computer and then a region of approximately 
100 pixels in the center of the light source 
aperture image was averaged. The results of ten 
frames were then average together. A 
background image with no light was acquired 
and processed in the same manner, this result 


Pulse Delay (nsec) 


Dial Setting 

Range A 

Range B 

Range C 

0.0 

56.7 

85 

90 

1.0 

- 

103 

246 

2.0 

- 

121 

410 

3.0 

58 

140 

565 

4.0 

- 

161 

730 

5.0 

58 

181 

900 

6.0 

60 

200 

1006 

7.0 

60 

220 

1230 

8.0 

64 

245 

1390 

9.0 

69 

263 

1550 

10.0 

86 

285 

1700 
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was subtracted from each of the other images. 


The data from these series of tests are in the appendix, some of the pertinent conclusions derived 
from these data will be discussed below and when appropriate compared with test data supplied 
by Princeton Instruments which is also included in the appendix. 

The minimum gate width was found by reducing the gate width while observing the image for 
evidence of iris effects. Iris effects are a result of the outer edges of the intensifier tube turning on 
and off at different rates than the center of the tube resulting is different intensities recorded on 
the edges as compared to the center. The minimum FWHM gate was found to be 1 00 ns which 
compared well with the results for Princeton Instruments. 

The linearity of the detector is very good for both short and long gates (5ms and 100 ns 
respectively). This will need to be checked again with a pulsed laser since it may not hold with 
the high fluxes resulting from very short pulsed light sources. 

The maximum sensitivity was measured to be approximately 60 counts per photon at a gain 
setting of 10. This was lower than the 90 count per photon reported by Princeton Instruments but 
within the uncertainty of the measurement. In any case it is well within the limit for single photon 
counting as advertised by the manufacturer and desired for the Raman measurements. 
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Table 4 shows the relative gain four several dial settings on 


Table 4 Relative Gain 


the camera. The relative gain has been normalized such that 
a dial setting of 10 is 1 .24 so that it can be compared with 
the data supplied by Princeton Instruments. This table can 
be used to determine approximately how much change to 
dial setting to get the desired change in gain. These results 


Dial Setting 

Relative Gain 

10 

1.24 

9.5 

1.01 

9 

0.68 

8 

0.41 

7 

0.20 

6 

0.098 


are the average of both long and short gate tests with white light and filter light. 


4.1 Flow imaging 


Several imaging techniques were used in the initial checkout tests of the window rocket combustor 
at MSFC. They were photography of visible light using a 35mm camera and video and imaging 
UV light and laser light scattered from the liquid oxygen spray. 


4.2.1 Visible light imaging 

An Olympus 35mm camera with a remote shutter control and automatic film advance was mounted 
such that it could photograph the flame in the region immediately downstream from the injector 
face. The shutter speed was 1/1000 of a second and the iris was set to f8. This provied adequate 
lighting for the 400 ASA color film used. The images were not very satisfactory because of the 
lens combinations available for this camera. The area of interest occupied a small portion of the 
frame. It was decided that a new camera system would be purchased for future tests. A Nikon 
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camera was selected since it had been used with success at Penn State plus the lens could be used 
with the Princeton Instruments ICCD camera as well. The photographs negatives reside at MSFC. 

Video of each of the check out tests were recorded on standard VHS video tape. The video lack 
any interesting detail but help monitor the tests and provide a permanent record of the tests. These 
tape also reside at MSFC. 

4.2.2 Princeton Instruments ICCD camera set up 

The Princeton Instruments Intensified CCD (ICCD) camera consists of an ST-138 camera 
controller and a FG-1 00 Pulser. These pieces of equipment had to be near the camera. An 
environmental box equipped with a cooled purge was built on the test stand to house this 
equipment. The shutter monitor BNC connector on the back of the ST-138 was connected to the 
PULSE IN BNC connector on the front of the FG-1 00 as well as a cable in the instrumentation 
trailer so that the signal could be monitors on an oscilloscope. The NOTSCAN BNC connector on 
the back of the ST- 138 was connected to the ENABLE BNC connector on the back of the FG- 
1 00. This signal was also monitored on the instrumentation trailer. The gate monitor on the front 
of the FG-1 00 was also monitored. The NOTSCAN signal was recorded by the data system in the 
block house. This signal indicated when the in firing sequence the images were obtained so they 
could be correlated to the sequence of the firing. 

A UV bandpass filter was placed in front of the camera lens for UV emission imaging and a narrow 
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bandpass filter centered around the Argon-Ion laser wavelength was used when imaging the 
scattered light from the LOX drops. 

4.2.3 UV Images 

UV images were obtained for several of the initial checkout tests. The camera gate time was set to 
3 psec and 30 frames were obtained at a rate of approximately 5 Hz. Figure 5 shows a series of 
the instantaneous images followed by an averaged image. The averaged image is an average of 30 
frames. The flow is from left to right and the injector face can be seen at the left side of the 
images. The area viewed is approximately 1 inch square. 

The UV light is an indication of the reaction location. From the instantaneous images it can be 
seen that the flame is very turbulent. The averaged image indicate that the bulk of the reactions 
take place just downstream of the injector. It was later determined that the nitrogen flowing 
around the injector had a strong recirculating flow at the injector face that cause the rapid mixing 
and reaction at this location. All UV raw images reside at MSFC. 

4.2.4 Light scattering images 

Laser light from an Argon-Ion laser at 5 1 4 nm was delivered to a window of the rocket chamber 
via a polarization preserving fiber optic. The beam emitting from the fiber was formed into a sheet 
with cylindrical optics and directed through the windows of the rocket chamber. The sheet 
centered on the injector and illuminated a cross-section of the chamber from the injector face 
toward the aft end of the chamber. About a 1 inch square area was observable. 
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a. 


b. 



d. 


Figure 1 UV images of LOX hydrogen firing. Instantaneous images are a. through c. Image d. is 
an averaged image. 
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It was discovered that the polarization of the beam was not very well maintained by the fiber and 
seemed to oscillate with time. The cause of this was not known but seemed to be effected by the 
changing temperature through out the day. It was postulated that the length of the fiber was 
changing and had some sort of an effect on the polarization. 

The camera was setup to record the light scattered from the LOX drops normal to the plane of the 
laser sheet. The narrow bandpass filter effectively reduced the flame luminosity so that the light 
recorded was from the LOX drops only. 

Figure 2 shows a sample of the instantaneous images and an averaged image from the light 
scattered from the LOX drops. The laser light passes from top to bottom on these images. The 
top half of the image is much brighter than the bottom half because of attenuation as the laser light 
passes through the spray. The quality of these images is poor due to the poor light transmission of 
the fiber optic. These images were not corrected for variation of laser intensity across the sheet. 

It can be seen that the LOX seems to be broken up into relatively large clumps along the edge of 
the spray. The injector used in these tests is an swirl coaxial injector and the majority of the spray 
is expected to be in a cone along the outside of the spray. This is consistent with the images 
although a significant amount of spay appears inside the cone. This is most likely due to the strong 
recirculating flow induced by the nitrogen flow around the injector. 
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Figure 2 Light scattering images of LOX hydrogen firing. Instantaneous images are a. through 
c. Image d. is an averaged image. 
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Appendix 


The data sheets on the following pages a the results of the check out tests performed on the 
Princeton Instruments intensified CCD camera. The information at the top of each sheet give 
information on the imaging lens used, aperture size, distance from light source to the lens, the area 
of the images averaged and the resulting solid angle and light source area image on each pixel. 

The columns are the file name, average counts, standard deviation, gain as indicated on the camera 
dial, light intensity as indicated by the integrating sphere light meter, the micrometer setting which 
operates an iris on the integrating sphere, shutter setting on integrating sphere which changes the 
light level and the gate time. The rest of the columns contain data derived from the first columns 
including light intensity in Joules/s-str-m A 2, average raw - background, noise ((raw- 
background)/Sigma), and counts/photon. 

The remaining information is the ICCD System Test Results supplied by Princeton Instruments. It 
contains their test results on this camera before it was shipped to MSFC. 
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ICCD S ystem Test Results 

General System Information 


Order 10 ID 


Customer 


Tested Approved 



Noise Test Results 

Speed 


Noise Units | 



OCD Test Results 


Unit - Top 


Unit - Center Unit- Bottom 


Avg. Signal Avg. Uniform 


|— f I!^L- Tefr ’P(Dg9- C) Air Cooled Temp FullWell Cap.(Ke-) 


Dark Spots Dark Clusters Dark Columns Hot Spots 

















THRSHUNI . TXT 


Customer Name 


DARK DEFECT REPORT 
NASA 


Date 


08/07/95 14:22:30 


Detector Type 
Chip Size 
Exposure 

Number Head Cleans 
Async/Sync Mode 
Timing Mode 
ADC Bits 
Readout Rate 


EEV 575x384 [6 ph] / TE COOLED 

576 x 384 
1 
0 

Asynchronous 
Free run 
16 

200 kHz 


Output image File Name : fulluni.sPE 
Output Text File Name : thrshuni.txt 
Threshold Image Name : thrshuni.SPE 


Number Of Defects 
Threshold Value 
Low Defect Value 
High Defect Value 
Average Defect 


2 

0.464053 
0 .270705 
0.451969 
0.361337 


X, Y 

Coordinates 


Intensity 


569 , 153 
89 , 247 
Bad Rows 


0.270705 
0.451969 
Row Intensity 


Page 1 



DCTKRESH.TXT 


Customer Name 


WHITE DEFECT REPORT 
: NASA 


Date 


08/07/95 15:50:43 


Detector Type 
Chip size 
Exposure 

Number Head Cleans 
Async/Sync Mode 
Timing Mode 
ADC Bits 
Readout Rate 
Temperature 


EEV 576x384 [6 ph] / TE COOLED 

576 x 384 
100 
0 

Asynchronous 
Free run 
16 

200 kHz 
-35C 


Input File Name 
Output Image File Name 
Output Text File Name 
Threshold Image Name 

Number of Defects 
Threshold Value 
Average Dark Charge 
Low Defect Value 
High Defect Value 
Average Defect 


dcfull.sPE 

dcfull.sPE 

dcthresh.txt 

dcthresh.SPE 

33 

150 

0.00930415 ADU/pixel /sec 

157 

2348 

352.364 


White Defect 

Data For NASA 

X, Y 


Coordinates 

Intensity 

283 , 20 

262 

439 , 29 

162 

559 , 35 

244 

398 , 45 

218 


Page 2 
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DCTHRESH.TXT 


501 

. 45 

115 

, 50 

53 

, 66 

387 

, 66 

176 

, 93 

561 , 

- 98 

568 , 

• 103 

92 , 

107 

337 , 

108 

80 , 

112 

440 , 

113 

144 , 

140 

297 , 

162 

69 , 

166 


, 173 
347 , 178 
, 183 
572 , 204 
75 , 211 
40 , 239 
266 , 248 
61 , 254 
545 , 275 
!42 , 282 
0 5 , 314 
476 , 314 
240 , 324 
53 , 337 
67 , 375 
Bad Rows 


355 

459 

256 

295 

189 

203 

165 

401 

203 

180 

189 

229 

530 

198 

184 

248 

206 

1378 

218 

220 

dlto 

299 

337 

204 

218 

171 

236 

466 

157 

Row Intensity 


Bad Columns Column Intensity 
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Win View 



Number of Pixels : 576 



LINEARTY.TXT 


etector 
hip Size 
ontroller 
eadout Rate 
CD Serial Number 
umber Grouped in 
umber Grouped In 
ackground Mean 
xpos H 


1503 .52 
3007.96 
4512.4 

6018 . 53 
* 7524.85 

9029.44 

10533.1 

12043 

13552.7 

15029 


EEV 576x384 
576 x 384 
ST138 
: 200 kHz 

•' A2 959-24 
: 1 
: 1 

: 874.447 

Net ADU 


1504 . 44 
3008 . 89 
4515.01 
6021.33 
7525.92 
9029.53 

10539.5 
12049.2 

13525.5 


16 ph] / TE COOLED 


ADU/Exp Norm V Non-Linear 


15044 . 4 
15044.4 
15050 

15053.3 
15051.8 

15049.2 

15056.4 

15061.5 

15028.3 


-0.0426613 
-0.04271 
-0.00540701 
0.0163833 
0.00657925 
-0.0108573 
0.0366132 
0 . 0707643 
-0.149854 


age * Non-Linear ( Absolute values Used) : 


0.0230302 


age e/CTS 


14.3113 


e/CTS 


10.4469 

11.9639 

14.3215 

14.3316 

13.7173 

14.4996 

15.37 

15.9751 

16.2052 

20.9516 
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